Leaf senescence is a finely regulated complex process; however, evidence for the involvement of epigenetic processes in the regulation of leaf senescence is still fragmentary. Therefore, we chose to examine the functions of DRD1, a SWI2/SNF2 chromatin remodeling protein, in epigenetic regulation of leaf senescence, particularly because drd1-6 mutants exhibited a delayed leaf senescence phenotype. Photosynthetic parameters such as Fv/Fm and ETRmax were decreased in WT leaves compared to leaves of drd1-6 mutants after dark treatment. The WT leaves remarkably lost more chlorophyll and protein content during dark-induced senescence (DIS) than the drd1-6 leaves did. The induction of senescenceassociated genes was noticeably inhibited in the drd1-6 mutant after 5-d of DIS. We compared changes in epigenetic regulation during DIS via quantitative expression analysis of 180-bp centromeric (CEN) and transcriptionally silent information (TSI) repeats. Their expression levels significantly increased in both the WT and the drd1-6 mutant, but did much less in the latter. Moreover, the delayed leaf senescence was observed in ddm1-2 mutants as well as the drd1-6, but not in drd1-p mutants. These data suggest that SWI2/ SNF2 chromatin remodeling proteins such as DRD1 and DDM1 may influence leaf senescence possibly via epigenetic regulation.
Introduction
Leaf senescence is an endogenously controlled degenerative process that occurs in the final stage of leaf development, leading to leaf death [1, 2] . During leaf senescence, a series of events involving the degradation of chloroplast, decrease in photosynthetic activity, loss of chlorophyll, and the recycling of valuable nutrients to other parts of the plant, occur [3] . Initial chloroplast degradation is followed by nuclear and vacuolar breakdown. This latter mechanism is accompanied by the release of nucleases and proteases, acidification of the cytoplasm, and rapid degradation of nucleic acids and proteins [4, 5] . Developmental senescence is a highly regulated genetic process that occurs in an age-dependent manner [6] ; however, it is also influenced by complex interaction of developmental stage with various internal and external factors [2] . Internal factors include developmental age, diverse phytohormones, and reproductive development. External or environmental factors include stresses such as high light intensity, temperature extremes, drought, ozone, shading, nutrient deficiency, and pathogen infection. It is clear that multiple pathways regulating multiple internal and external factors exist and are interconnected to form a complex network that regulates senescence.
Studies of changes in gene expression by using microarray analysis have shown that senescence is often regulated by transcription factors. Over 800 genes have been identified as senescence-associated genes (SAGs), and among them, over 100 genes encode transcription factors [6, 7] , including WRKY, NAC, MYB, TUB, bZIP, and C2H2 transcription factor families. The Arabidopsis WRKY53 transcription factor plays a central role in the regulation of the early stages of senescence [8] [9] [10] [11] . A knock-out line of the WRKY53 gene shows delayed leaf senescence; on the other hand, overexpression of this gene leads to precocious senescence [9, 11] . The WRKY53 transcription factor controls several SAGs involved in the control of leaf senescence [9] .
Epigenetic regulation plays an important role in cellular senescence and organism aging in higher organisms [11] [12] [13] . The epigenetic mechanisms including DNA methylation, histone modification, and ATP-dependent chromatin remodeling control expression of the senescence-associated genes (SAGs) by reprogramming of chromatin state with aging. Interestingly, global DNA hypomethylation and specific loci hypermethylation occur in aging. Recently, many molecules that control global alteration in chromatin structure during senescence have been analyzed. Screening of activation-tagged lines in Arabidopsis for delayed leaf senescence identified the ORE7/ESC gene, which encodes an AT-hook DNA-binding protein. Expression of ORE7 results in a dosage-dependent effect on the initiation of leaf senescence and interphase chromatin organization [14] . It was also reported that histones at the WRKY53 promoter and coding regions undergo H3K4 methylation to be active chromatin state for upregulation of target SAGs after onset of leaf senescence [11] . However, in case of the SWITCH/ SUCROSE NONFERMENTING (SWI/SNF) chromatin remodelers, its role in leaf senescence has not been explored in spite of existence of a number of SWI/SNF chromatin remodelers. The SWI/ SNF chromatin remodelers can alter chromatin structure through ATP hydrolysis and play important roles in diverse developmental process. DRD1 (AGI locus no. At2g16390) is a putative chromatin remodeling protein and member of the plant-specific subfamily of SWI2/ SNF2-like proteins [15, 16] . DRD1 is a well-known epigenetic regulator, which was the first SNF2-like protein implicated in RNA-guided epigenetic modification of other genes [15] . It also cooperates with PolVb (NRBD1b and NRBD2a) to facilitate RNA-directed DNA methylation (RdDM) and silencing of homologous DNA [17] . A genetic screen has also revealed that RNA-directed non-CG methylation requires DRD1 [18] .
In this study, we examined senescence symptoms in the Arabidopsis drd1-6 mutant at the physiological and molecular level. We found significantly delayed leaf senescence in rosette leaves and whole plant in drd1-6 mutant during DIS and natural senescence. Similar phenotypes were observed in ddm1-2 mutant as well as drd1-6 mutant, but not in drd1-p mutant. Identification and analysis of gene expression by microarray in drd1-6 mutants during DIS indicated that genes were clustered according to their responsiveness to dark treatment and gene expression patterns. In addition, using quantitative gene expression analysis of 180-bp centromeric (CEN) and transcriptionally silent information (TSI) repeats, we showed that epigenetic regulation occurs during DIS. This study suggests that a SWI2/SNF2-like protein, DRD1, is positively associated with leaf senescence possibly via epigenetic regulation.
Materials and Methods

Plant material and growth conditions
Arabidopsis thaliana ecotype Columbia (Col-0) wild type (WT) and drd1-6 mutant seeds were sterilized in 70% (v/v) ethanol for 1 min, and suspended in 30% Clorox, 0.01% Triton X-100 for 15 min, rinsed with sterile deionized water. Sterilized seeds were stratified at 4°C for 2 day and then grown on the soil in a growth chamber at 100~130 μmol m -2 s -1 and a 16 h photoperiod at 22/18°C (Day/Night). Arabidopsis drd1-6 allele used in this study has a nucleotide sequence change from G to A, which results in an amino acid substitution of the 756 th tryptophan (W) to a stop codon in helicase superfamily C-terminal (HELICc) domain (Fig 1A) . The drd1-p allele that carries a T-DNA insertion in the promoter of DRD1 was obtained from the Salk Collection (SALK_132061) and was confirmed as a knockdown mutant by a PCR-based method ( Fig 1B) . In case of ddm1-2, substitution of G to A in the splice donor site of intron 11 brings about a deletion, a frameshift, and a premature translation termination, resulting in lack of HELICc domain ( Fig 1A) . The drd1-6 and ddm1-2 mutants have been reported previously [15, 19] .
Senescence analysis
For the dark-induced senescence (DIS) assay, rosette leaves from 28-day-old Arabidopsis WT and drd1-6 mutant plants were excised and placed on moisturized filter papers in petri dishes. The plates were kept under darkness for 7 days. The rosette leaves of 28-day-old plants were used for treatments of individually darkened leaves (IDL). IDL treatments were performed as described previously [20] . The rosette leaves were covered with aluminum foil for 5 days, and then harvested.
RNA isolation and expression analysis
Total RNA was isolated from rosette leaves of Arabidopsis using RNeasy Mini Kit (Qiagen, Hilden, Germany) according to manufacturer's instructions. For RT-PCR, the first strand cDNA was produced by Maxime RT PreMix Kit (iNtRON Biotechnology, Seongnam, Korea), and then used in PCR with Maxime PCR PreMix Kit (iNtRON Biotechnology, Seongnam, Korea). The gene-specific primers described in S1 Table were used for PCR reactions. ACTIN2 gene was used as a control. PCR conditions were as follows: template DNA was denatured at 94°C for 2 min, and then amplified by 30 cycles at 94°C for 20 sec, 55°C for 10 sec, 72°C for 30 sec, and extended at 72°C for 5 min. Quantitative real-time PCR was performed in the 7300 RealTime PCR system (Applied Biosystems, Massachusetts, USA) using SYBR Premix Ex Taq (Takara Bio Inc., Shiga, Japan). The relative expression ratios of target genes were calculated in comparison with a reference gene, ACTIN2, using the comparative C T method [21] .
Measurement of chlorophyll and protein content
Chlorophyll and protein were extracted from rosette leaves of WT and drd1-6 mutant and quantified as described previously [22] . One hundred mg of leaf tissues were ground with liquid nitrogen, and then 1 ml 100% (v/v) acetone was added. After centrifugation at 10,000 x g for 10 min at 4°C, supernatants were harvested and their absorbance measured at two wavelengths: A645, and A662. The chlorophyll level was calculated as follows: C a+b = 18.09 x A645 + 7.05 x A662. Unit was converted from μg Chl/ml to μg Chl/g fresh weight. Total protein was extracted by grinding leaf tissues in protein extraction buffer (50 mM Tris, pH 8.0, 0.25 M sucrose, 2 mM DTT, 2 mM EDTA, 1 mM PMSF, and 1x Complete protease inhibitor cocktail [Roche, Mannheim, Germany]). The protein content was determined after centrifugation at 10,000 x g for 10 min at 4°C by the Bradford method [23] .
Photosynthesis analysis
For evaluation of photosynthetic activity, chlorophyll fluorescence was measured using the IMAGING-PAM chlorophyll fluorometer (WALZ, Effeltrich, Germany) as described previously [24] . The maximum photochemical efficiency (Fv/Fm) of PSII was deduced from chlorophyll fluorescence. The maximal electron transport rate (ETRmax) of WT and the drd1-6 mutant was obtained from the relative ETR vs. photosynthetic photon flux density (PPFD) curve.
Blue-native PAGE and immunoblot analysis
Blue-native PAGE were followed the experimental procedures as described previously [25] with some modifications. Thylakoid membranes were isolated from DIS-treated rosette leaves in WT and drd1-6 mutant and solubilized with 1% (w/v) n-dodecyl-β-D-maltoside and loaded to 6~12% gradient gel. For immunoblot analysis, thylakoid membrane proteins were denatured with 100 mM Tris-HCl, pH6.8, containing 17% (v/v) glycerol, 3.5% (w/v) SDS, 6 M urea, and 10% (W/V) β-mercaptoethanol for 30 min at 70°C. They were separated via SDS-Urea PAGE (12% polyacrylamide) and were detected with rabbit antiserum raised against the DE loop (Residues 225 to 249) of the spinach D1 protein as described previously [26] .
Affymetrix ATH1 Genome Array and data analysis
Genome-wide gene expression analysis was conducted using the GeneChip1 Arabidopsis ATH1 Genome Array (Affymetrix, Santa Clara, CA). All experimental procedures such as RNA preparation, RNA quality check, conversion of RNA into double-stranded cDNA, generation of biotin-labeled cRNA from the double-stranded cDNA, and hybridization of the biotin-labeled cRNA with the ATH1 Genome Array, were performed according to the instructions and recommendations provided by Affymetrix. Following the hybridization, the GeneChip arrays were scanned using a GeneChip1 Scanner 3000 7G (Affymetrix, Santa Clara, CA) and the scanned data were analyzed for differentially expressed genes (DEG) of control vs. test samples via a DAVID program (http://david.abcc.ncifcrf.gov/). Gene ontology analysis was performed using the DEGs with more than two-fold change between control and test samples from two independent experiments.
Results
The drd1-6 plant exhibits delayed leaf senescence
We observed strong delay of age-dependent natural senescence and extended life span of whole plant in the drd1-6 mutant. DRD1 is a representative member of SWI2/SNF2 subfamily and is required for either Pol V transcription or activation in RdDM pathway. To elucidate a relationship between senescence and SWI2/SNF2 chromatin remodelers in Arabidopsis, we analyzed the drd1-6 mutant in this study. The drd1-6 mutant had a nucleotide sequence substitution from G to A, which results in an amino acid substitution of the 756 th tryptophan (W) to a stop codon in the helicase superfamily C-terminal (HELICc) domain (Fig 1) . To study the effect of drd1-6 mutation on leaf senescence, we first compared the phenotypes in mutant versus wild-type leaves. The 28-day-old WT and drd1-6 plants have a similar phenotype as shown in Fig 2. However, we observed that flowering time was delayed by 3~8 days in drd1-6 mutants compared to WT under our growth conditions. Although it was reported that flowering time was not affected by mutation of DRD1 gene [27] , it may be variable depending on growth conditions. In addition, while the 55-day-old WT leaves had turned completely yellow and showed signs of death, the drd1-6 mutant leaves remained green, suggestive of a prolonged life span (Fig 2A) . Generally, a prolonged observation is needed to follow the series of events in natural senescence, particularly because senescence-associated processes tend to become chaotic over time [20] . Therefore, in order to observe leaf senescence over a short period and to derive clear conclusions from these observations, we induced senescence in individually darkened leaves (IDLs). Rosette leaves of the 28-day-old WT and drd1-6 were covered individually with foil for the dark treatment. WT leaves turned yellow after the 5-d treatment, but the drd1-6 leaves maintained a constant green color ( Fig 2B) . To examine the effect of the drd1-6 mutation in dark-induced senescence (DIS), the 28-day-old WT and the drd1-6 rosette leaves were detached and incubated under dark conditions. After 5-d dark incubation, WT leaves had completely turned yellow and showed signs of death ( Fig 2C) . By contrast, the drd1-6 leaves remained green until 7 days of DIS (S1 Fig) . These data together support that the drd1-6 mutant shows a delay not only in dark-induced leaf senescence, but also in natural senescence.
To further characterize the delayed senescence of the drd1-6 plants, various parameters of senescence were examined. Photosystem II (PSII) efficiency has been used to measure leaf senescence, since it declines rapidly during senescence, indicating a loss of photosynthetic capabilities and ultimately death of the leaves [28] . The maximum photochemical efficiency of photosystem II (variable fluorescence / maximal fluorescence, Fv/Fm = 0.815; 100%) was markedly reduced in the WT plants and slightly reduced in the drd1-6 mutants ( Fig 2D) . Another parameter-maximal electron transfer rate (ETRmax)-can also be used to measure potential photosynthetic capacity. The WT plants showed a marked decrease in ETRmax during DIS, while the drd1-6 mutants showed a significantly lower decrease (Fig 2E) . These results indicate that the drd1-6 mutant shows considerable delay in several of the parameters used to measure leaf senescence.
Leaf senescence is affected by developmental age of plants [2] . Although we observed a strong phenotype of delayed senescence in the drd1-6 mutant, such a phenotype might be attributed merely to a delay in plant development. To check this possibility, we compared DIS among the 28-day-old WT, 34, 36, and 38-day-old drd1-6 plants at different developmental stages. All the drd1-6 plants showed a much higher photochemical efficiency during DIS compared to the WT plants, supporting the delayed progress of leaf senescence (Fig 3) . These results imply that the delayed leaf senescence in the drd1-6 mutant cannot be attributed merely to a developmental difference between the WT and the drd1-6 mutant. Accordingly, it is suggested that a mutation in DRD1 can modulate leaf senescence itself as well as plant development.
The breakdown of photosynthetic pigments and proteins was delayed in the drd1-6 mutant As shown above, the drd1-6 mutant exhibited delayed leaf senescence in terms of photosynthetic parameters, Fv/Fm and ETRmax. Therefore, we measured the chlorophyll and protein contents which are closely related to the photosynthetic abilities. The chlorophyll content was decreased up to 11.8% in the WT, but it was retained at a level of 24.4% in the drd1-6 mutant after 7-d dark incubation (Fig 4A) . Moreover, the protein contents of WT and drd1-6 rosette (ETRmax) in WT and the drd1-6 leaves were examined at the indicated days during dark-induced senescence (DIS). Data represent average values ± SE (n = 27) of three independent experiments. * indicates P < 0.01 by student's t-test. doi:10.1371/journal.pone.0146826.g002 leaves were differentially decreased up to 30.9% and 46.1%, respectively ( Fig 4B and S2 Fig) . When the progress of leaf senescence was assessed using chlorophyll and protein levels, the drd1-6 mutant exhibited substantial delay in leaf senescence.
Disintegration of chloroplasts is the primary symptom of leaf senescence [2] . In the thylakoid membranes, chlorophylls are tightly bound to light-harvesting complexes (LHC) in photosystems [29] . To analyze the stability of photosystem sub-complexes during leaf senescence in detail, we isolated thylakoid membranes from the WT and the drd1-6 leaves at 0, 3, 5, and 7-d of DIS, and then solubilized them with a mild detergent, 1% (w/v) n-dodecyl-β-D-maltoside. Blue-Native Polyacrylamide Gel-Electrophoresis (BN-PAGE) of the thylakoid membrane proteins showed increased degradation of chlorophyll-protein (CP) complexes in the WT from 3 d of DIS (Fig 4C) . CP complexes were initially degraded in the order of PSII dimer to PSII monomer or LHCII trimer to LHCII monomer. Almost all the complexes were degraded at 7 d of DIS in the WT. On the other hand, the CP complexes of the drd1-6 leaves were much less affected during the same period of DIS. Degradation of the CP complexes by DIS was delayed by approximately 2 days in the drd1-6 mutant compared to the WT.
For further identification of the thylakoid membrane proteins primarily degraded during DIS, the solubilized thylakoid membranes were also subjected to electrophoresis on a denaturing gel. Some proteins corresponding to approximately 20~35 kDa were gradually degraded during DIS with degradation rates that were much higher in the WT than in drd1-6 mutants ( Fig 4D) . We analyzed the band using liquid chromatography-coupled electrospray ionization MS/MS (LC MS/MS). We found that the band included PSII protein D1 and D2, cytochrome f, oxygen-evolving enhancer protein 1-2, chlorophyll a-b-binding protein CP26 and CP29.2, etc. (S2 Table) . Immunoblot analysis revealed that D1 protein, which is approximately 32 kDa and essential for photosynthetic activity as a core component of PSII, was retained tolerably at 7 d of DIS in the drd1-6 mutants (Fig 4E) . By contrast, this protein was degraded earlier in the WT plants.
The DRD1 mutation causes repression of senescence-associated gene expression during DIS Leaf senescence is accompanied by increased expression of senescence-associated genes (SAGs) [6] and decreased expression of related photosynthesis genes and protein synthesis genes (PAGs) [30] . To characterize the delay in leaf senescence of the drd1-6 mutant, we analyzed the expression of various senescence-related genes by RT-PCR and qRT-PCR (Fig 5A and 5B) . Table) . (E) D1 protein was identified by immunoblot analysis using anti-D1 antiserum. The expression of SAG12, a senescence-associated cysteine protease gene in Arabidopsis, was strongly enhanced in WT plants at 5 d of DIS but not significantly induced in the drd1-6 mutants (Fig 5) . Chlorophyll degradation is a key step in senescence, and a number of genes involved are under tight transcriptional control [31] . Chlorophyll degradation-related genes such as CBR (chlorophyll b reductase) and PAO (pheophorbide α oxygenase) also had higher expression levels in WT plants than in the drd1-6 mutants during DIS (Fig 5) , and this could be accountable for the differential chlorophyll contents as shown in Fig 4A. Chlorophyll was retained in the drd1-6 mutants despite the induction of the chlorophyll degradation pathway. In contrast, the expression level of the ANS gene, which encodes an enzyme for anthocyanidin synthesis [32] , increased in WT during DIS but decreased in the drd1-6 mutant (Fig 5) . Expression patterns of these genes obtained by RT-PCR were similar to those obtained by qRT-PCR. In senescing leaves, anthocyanins accumulate prior to chlorophyll breakdown and play a photoprotective role against the development of leaf senescence [33] . Together, these results imply that specific changes in genes that control chlorophyll and anthocyanin metabolism contribute to the green phenotype of the drd1-6 mutants during DIS.
Comparison of genome-wide transcriptomes in WT and drd1-6 plants during DIS To reveal differences in gene expression and signaling pathways between WT and drd1-6 mutant plants during DIS, we compared genome-wide transcriptomes by using the Affymetrix ATH1 Genome Array. The numbers of differentially expressed genes (DEGs) between the WT and the drd1-6 mutants steeply increased at 5 d of DIS (Fig 6A) . As shown in Fig 6B, 5384 genes were upregulated and 2486 genes were downregulated in WT during 5-d DIS, whereas 2668 and 1916 genes were upregulated or downregulated in the drd1-6 mutants. During DIS, the expression of a higher number of genes changes in the WT than in the drd1-6 mutants. We identified that 648 and 2,144 genes were upregulated or downregulated in the drd1-6 mutant relative to WT at 5 d of DIS (Fig 6A) . Moreover, gene ontology (GO) analysis of the DEGs showed changes in the primary transcriptome of induced or repressed genes, which were selected for the top 5 significance values based on P values in each GO category at 5-d DIS (Table 1 ). In the biological process of GO category, the top 5 significance values among the induced genes were most related to photosynthesis. In contrast, the repressed genes were those associated with protein transport, protein localization, vesicle-mediated transport, and autophagy. These results indicate that photosynthetic activity was rapidly reduced in WT. Accordingly, the common 2792 DEGs at 5-d DIS from 2 independent genechip analyses were further analyzed using photosynthesis-related keywords such as chlorophyll, chloroplast, photosystem, or photomorphogenesis. As expected from Fig 4, gene expression levels of many thylakoid structural components constituting photosystems were considerably maintained in the drd1-6 mutant until 5 d of DIS, whereas those of some proteases were repressed (Table 2) .
Difference in the epigenetic regulation of senescence between WT and drd1-6 mutant plants DRD1 is known to participate in RNA-directed DNA methylation [15] . Therefore, to account for the delayed senescence of the drd1-6 mutant, we compared changes in the epigenetic regulation during DIS between the WT and the drd1-6 mutant plants via quantitative gene expression analysis of 180-bp centromeric (CEN) repeats and pericentromeric repeats termed TSI (transcriptionally silent information). The expression levels of CEN and TSI repeats significantly increased in both the WT and the drd1-6 mutants during DIS; however, these increases were slower and lesser in the drd1-6 mutant than in the WT plant (Fig 7A and 7B; S3 Fig) . This result suggests that transcriptional gene silencing of CEN and TSI repeats, which is mediated by DNA methylation, should be released during DIS and this release be slower in the drd1-6 mutant than in the WT. Moreover, the expression of histone methyltransferase or acetyltransferase genes, such as SDG8, SDG27, or HAC1, exhibited slightly delayed induction with DIS in the drd1-6 mutant compared to WT, albeit to different degrees (Fig 7C) . 
DRD1 Mutation and Leaf Senescence
Delayed leaf senescence is shown in ddm1-2 mutant as well as drd1-6 mutant
To support the involvement of DRD1 in leaf senescence, we later obtained another mutant allele of DRD1, drd1-p, and identified it as a knockdown mutant (Fig 1) . When the rosette leaves of the 28-day-old WT, drd1-6, and drd1-p mutant plants were detached and incubated under darkness for 5 days, the DRD1 knockdown mutant, drd1-p, did not exhibit a noticeable phenotype of delayed senescence compared to WT (Fig 8) . In addition, we observed no The DEGs were selected to have more than a twofold difference in the drd1-6 relative to the WT. The 2792 DEGs commonly selected from two independent genechip analyses were used for gene ontology analysis. GOC, BP, CC and MF represent the GO category, biological process, cellular component, and molecular function. GO terms in the table were selected for the top five significances based on P values in each GO category. C, the total frequency of a given GO term in all annotations in the Arabidopsis genome; k, cluster frequency of a given GO term in the differentially expressed genes selected. Numbers in parentheses are percentages. difference between the WT and drd1-p mutant in vegetative development and flowering time. Although the expression of DRD1 gene was downregulated in the drd1-p mutant, the putative The lists were sorted out from the common 2792 DEGs of two independent genechip analyses by applying keywords as follows: chlorophyll, chloroplast, photosystem, or photomorphogenesis. FD, an average of fold difference for each gene between the WT and the drd1-6 after 5-d DIS.
doi:10.1371/journal.pone.0146826.t002
role of DRD1 in regulation of leaf senescence as well as development seems to be not affected in this mutant. Some DRD1 proteins might be produced enough to regulate leaf senescence in the drd1-p mutant. Therefore, we hypothesized that the helicase superfamily C-terminal (HELICc) domain of SWI2/SNF2 chromatin remodelers is important for regulation of leaf senescence. To test this hypothesis, we investigated DIS in another mutant, ddm1-2, which has a mutation in the helicase domain of DDM1, a SWI2/SNF2-like chromatin remodeling protein like DRD1. The substitution of G to A in the ddm1-2 mutant is predicted to disrupt the HELICc domain because of premature translation termination (Fig 1) . Interestingly, the ddm1-2 mutant leaves stayed green and maintained structural integrity for a longer period than the wild-type leaves did during DIS (Fig 8A) . Similar to the drd1-6 mutant, this mutant also exhibited delayed leaf senescence in terms of the photochemical efficiency, Fv/Fm. The photochemical efficiency dropped to 61.7% or 89.9% of the control in the wild-type or the ddm1-2 leaves at 3-d of DIS and then to 11.0% or 40.6% at 5-d of DIS, respectively (Fig 8B) . These data suggest that both DRD1 and DDM1 may influence leaf senescence, and that the helicase domain of these SWI2/SNF2-like chromatin remodeling proteins might be important for regulation of leaf senescence.
Discussion
Leaf senescence is a complex process in which the effects of diverse factors are integrated into complicated genetic regulatory networks involving extensive transcriptional control [6, 7] . In this study, we showed a significantly delayed leaf senescence phenotype in the drd1-6 mutant, confirmed by changes in senescence parameters, including chlorophyll and protein content, the maximum photochemical efficiency (Fv/Fm), and the maximal electron transport rate (ETRmax) (Figs 2-4) . Leaf senescence is a genetically regulated developmental process that leads to cell death [2] . Chlorophyll degradation, which is an active process to salvage nutrients from old tissues, is the first symptom of leaf senescence [3, 7] . The chlorophyll pathway has previously been examined [34] and numerous genes in the pathway have been studied. The key enzyme of this pathway appears to be the one encoding pheophorbide α oxygenase (PAO), which cleaves the tetrapyrrole ring to produce red chlorophyll catabolite (RCC) [35] . The expression of PAO gene dramatically increased during senescence (Fig 5) in the WT plants, implicating this enzyme as a control point in the process [7] . Moreover, chlorophyll breakdown is tightly connected with the removal of pigment-protein complexes and the degradation of chlorophyll-binding protein [31] . The first step of chlorophyll degradation is the conversion of chlorophyll b in the light-harvesting complex II (LHCII) trimer to 7-hydroxymethyl chlorophyll a, in a process that is catalyzed by chlorophyll b reductase (CBR) [36] . As shown in Fig 4 , LHCII almost disappeared after 5-d dark incubation in WT, and CBR gene was highly expressed in WT plants (Fig 5) . The D1 protein, responsible for degradation of chlorophyllbinding proteins has a rapid turnover rate not only under photoinhibitory conditions, but also DRD1 Mutation and Leaf Senescence during senescence [37] . The photosynthetic complex structure of the thylakoid membrane proteins in chloroplast remained and did not change dramatically under senescence induction in the drd1-6 mutants (Fig 4) , suggesting that the leaf senescence of the drd1-6 mutant is significantly delayed. A massive decrease in RNA and protein synthesis as well as in the total levels of these constituents occurs during leaf senescence [38] . The most abundant chloroplast protein is ribulose-1,5-bis-phosphate carboxylase/oxygenase (Rubisco), whose levels decrease rapidly in the early phase of leaf senescence [39] , although the mechanism of intrachloroplastic Rubisco degradation is still unknown [40] . In total protein levels, Rubisco was gradually degraded in the WT during DIS, but not in the drd1-6 mutant (Fig 4) . As shown in Fig 4, total protein was rapidly degraded in the WT, indicating that DIS occurs faster in the WT plants than in the drd1-6 mutant.
Leaf senescence involves the induction of a genome-wide redirection of gene expression [1, 7, 41, 42] . Molecular genetic analyses identified transcript levels of senescence-associated genes, SAG12 and CBR, specifically upregulated in senescing leaves (Fig 5) . To identify genes that are upregulated or downregulated during leaf senescence in Arabidopsis [6, 41] , we performed Affymetrix GeneChip microarray. Microarray data can be used as a tool to develop and test hypotheses for transcriptional control during senescence [43] . In senescing leaves, many of the genes, e.g., those encoding photosynthetic proteins, are generally downregulated, whereas other senescence-associated genes (SAGs) are upregulated. According to our microarray results, such expression changes were much more conspicuous in the WT compared with the drd1-6 mutants (Fig 6B) . Moreover, GO analysis of DEGs showed that a large number of genes participating in photosynthesis were substantially downregulated in the WT plants (Tables 1  and 2 ).
DRD1 is a member of the plant-specific subfamily of SWI2/SNF2 chromatin remodeling proteins. Although SWI2/SNF2 chromatin remodeling proteins play roles in plant development and stress response [44] [45] [46] , their roles in leaf senescence remain unknown. In this study, we showed that DRD1 mutation delayed leaf senescence substantially based on various senescence parameters. As shown in Figs 2 and 4 , the effects of DRD1 mutation were increasingly manifested with progress of leaf senescence. Moreover, the drd1-6 mutant exhibited not only a delay in leaf senescence, but also a prolonged whole life span. Although it was reported that a mutation in DRD1 gene did not affect flowering time [27] , the delayed flowering phenotype was observed in the drd1-6 mutant with a several-day variation compared to the WT plants. Accordingly, DRD1 mutation seems to bring pleiotropic effects on development including flowering and leaf senescence. Since the effects of DRD1 mutation on leaf senescence can be attributed to the delayed development, we substantiated the delayed leaf senescence in the drd1-6 mutant by comparing DIS of the 28-day-old WT and 34, 36, and 38-day-old drd1-6 plants (Fig 3) . This result indicates that DRD1 is substantially involved in leaf senescence as well as plant development. It is also worthy to note that the delayed leaf senescence was observed in the ddm1-2 mutant as well as the drd1-6 mutant (Fig 8) . In contrast, the drd1-p mutant, in which DRD1 gene was downregulated, did not show such a phenotype. This normal phenotype in the drd1-p mutant is possibly attributed to the existence of some intact DRD1 proteins, which is expected by the lower transcription level. However, as described above, DDM1 and DRD1 genes are grouped into the same SWI2/SNF2 family of ATP-dependent chromatin remodelers and both the ddm1-2 and drd1-6 mutants have a mutation in the helicase domain. Taken together, these results suggest that the ATP-helicase domain of SWI2/ SNF2 chromatin remodelers may be probably important for regulation of leaf senescence.
An age-associated decline in total genomic DNA methylation occurs [12, 47, 48] . Plant DNA can trigger both symmetric (CpG and CpNpG) and asymmetric DNA methylation (CpNpN) [49] , which are associated with repressive chromatin gene promoters and with repression of gene expression [13] . Most DNA methylation occurs in transposon-rich heterochromatic regions [50, 51] and leads to transcriptional gene silencing (TGS). TGS openness inactivates foreign genes integrated into plant genomes but likely also suppresses an unknown subset of chromosomal information [52] . The drd1-6 mutant expression is suppressed by endogenous repeats such as CEN and TSI (Fig 7A and 7B) . Therefore, one of possible mechanisms underlying the epigenetic regulation of leaf senescence is that DRD1 may regulate leaf senescence positively via RNA-directed DNA methylation (RdDM) of endogenous repeats. Actually, it has been reported that activation of transposable elements during senescence and senescence-triggering stresses could affect the expression of neighboring genes [53, 54] . Environmental factors such as salt and pathogen also bring about change in DNA methylation, leading to altered transcription of repetitive sequences and/or neighboring genes [55, 56] .
Another possibility is chromatin remodeling-mediated control of senescence-associated gene expression. Similar to ORE7, DRD1 may induce changes of chromatin structures directly. Then, the induced changes of chromatin structures by DRD1 can allow transcription proteins to access permissive chromatin. Otherwise, DRD1 may lead to alteration of chromatin structure via altered histone modification indirectly. SDG is an HKMT (histone lysine methyltransferase), a chromatin-modifying enzyme [57] , and HAC1 is a histone acetyltransferase (HAT) belonging to the CBP family. SDG8, SDG27, and HAC1 are expressed at low levels in the drd1-6 mutant compared with WT plants (Fig 7C) . Consequently, senescent WT plants are expected to show greater histone methylation or acetylation activity. The interphase chromatin of senescing leaves shows a traditional partitioning of histone modification marks indexing euchromatic and heterochromatic domains [11] . During leaf senescence, global changes in chromatin organization correlate with the massive changes in the transcriptome observed, including downregulation of numerous genes and induction of many senescence-associated genes and photosynthesis-related genes (Tables 1 and 2) [7, 41, 58] . In conclusion, these results indicate that such epigenetic modifications may contribute to replicative senescence, and a mutation in DRD1 gene can influence the progress of leaf senescence. However, the exact underlying mechanisms by which DRD1 is involved in leaf senescence, remain to be further elucidated. 
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